INTRODUCTION {#hbm23229-sec-0001}
============

Brain function emerges from neural signaling and information transfer. At the cellular scale, a neuron\'s dendritic tree and axonal projections form the infrastructure for neuron‐to‐neuron signaling, with information transmitted from one neuron to another by means of chemical (or in some cases more direct electrical) transmission at a neuron\'s synapses \[see for review Kandel et al., [2000](#hbm23229-bib-0039){ref-type="ref"}\]. Depending on type of neurotransmitter and receptor, the net effect of a neurotransmitter will be an excitatory (increasing the chance of a neuron to fire) or inhibitory (decreasing the chance of a neuron to fire) impulse to the postsynaptic neuron. Studies have shown a rich variety in the excitatory and inhibitory chemoarchitecture of cortical regions, with cortical areas showing varying densities of excitatory and inhibitory receptors. Some regions for example display relatively high levels of excitatory receptors such as glutamatergic NMDA, AMPA, and/or acetylcholine receptors M~1~ and relatively low levels of inhibitory GABA~A~ or M~2~ receptors, while other regions show a much more overall inhibitory chemoarchitectural character \[e.g., Caspers et al., [2015](#hbm23229-bib-0011){ref-type="ref"}, [2013](#hbm23229-bib-0012){ref-type="ref"}; Zilles and Amunts, [2009](#hbm23229-bib-0079){ref-type="ref"}; Zilles et al., [2015](#hbm23229-bib-0080){ref-type="ref"}, [2002](#hbm23229-bib-0081){ref-type="ref"}\]. However, while cellular neuroscience studies have delineated the effects of neurotransmitter type and accompanying receptors on the behavior of postsynaptic neurons, the effects of the chemoarchitecture of large‐scale cortical areas on the emergence of global region‐to‐region activity patterns and interregional connectivity are less well understood \[Kötter et al., [2007](#hbm23229-bib-0043){ref-type="ref"}\].

At this global scale of brain organization, neural communication and signaling is often inferred from synchronization patterns between cortical areas. In the last decade, the measurement of correlative patterns between intrinsic brain activity as derived from resting‐state fMRI recordings has become a highly influential methodology for obtaining insight into the functional macroarchitecture of the human and animal brain \[see for review Fox and Raichle, [2007](#hbm23229-bib-0031){ref-type="ref"}; Park and Friston, [2013](#hbm23229-bib-0053){ref-type="ref"}; van den Heuvel and Hulshoff Pol, [2010a](#hbm23229-bib-0064){ref-type="ref"}; van den Heuvel et al., [2016](#hbm23229-bib-0074){ref-type="ref"}\]. Functional connectivity is defined as the synchronization pattern of activation time‐series of large‐scale cortical regions \[Biswal et al., [1995](#hbm23229-bib-0008){ref-type="ref"}; Friston et al., [1993](#hbm23229-bib-0032){ref-type="ref"}\], and in the human brain there is ample evidence of macroscale connectivity patterns to be linked to global brain function \[Baggio et al., [2015](#hbm23229-bib-0004){ref-type="ref"}; Bassett et al., [2009](#hbm23229-bib-0006){ref-type="ref"}; Cole et al., [2012](#hbm23229-bib-0015){ref-type="ref"}; Collin et al., [2014](#hbm23229-bib-0016){ref-type="ref"}, [2015](#hbm23229-bib-0017){ref-type="ref"}; Davis et al., [2013](#hbm23229-bib-0020){ref-type="ref"}; Kong et al., 2014; Kunisato et al., [2011](#hbm23229-bib-0044){ref-type="ref"}; van den Heuvel and Hulshoff Pol, [2010b](#hbm23229-bib-0065){ref-type="ref"}; van den Heuvel et al., [2009](#hbm23229-bib-0068){ref-type="ref"}\]. As such, resting‐state fMRI has become one of the workhorses of today\'s clinical, translational, and fundamental neuroscientist. However, despite the clear impact of this type of measurement on contemporary neuroscience, the field does not yet have a fully clear picture of the biological underpinnings of resting‐state fMRI functional connectivity patterns. Studies have provided insight into the genetic underpinnings of resting‐state correlations showing high heritability in twin studies \[Bohlken et al., [2014](#hbm23229-bib-0009){ref-type="ref"}; Fornito et al., [2011](#hbm23229-bib-0030){ref-type="ref"}; Glahn et al., [2010](#hbm23229-bib-0033){ref-type="ref"}; Jahanshad et al., [2013](#hbm23229-bib-0038){ref-type="ref"}; van den Heuvel et al., [2013b](#hbm23229-bib-0070){ref-type="ref"}\], SNPs to modulate brain connectivity \[Esslinger et al., [2009](#hbm23229-bib-0028){ref-type="ref"}\] and gene expression patterns to be related to the fMRI signal \[Cioli et al., [2014](#hbm23229-bib-0013){ref-type="ref"}\]. Furthermore, studies combining anatomical information (such as tract‐tracing in animals and/or in vivo DWI in humans) with resting‐state fMRI have shown a clear link between the two modalities \[Adachi et al., [2012](#hbm23229-bib-0001){ref-type="ref"}; Cocchi et al., [2014](#hbm23229-bib-0014){ref-type="ref"}; Hagmann et al., [2008](#hbm23229-bib-0034){ref-type="ref"}; Honey et al., [2009](#hbm23229-bib-0036){ref-type="ref"}; van den Heuvel and Sporns, [2013a](#hbm23229-bib-0066){ref-type="ref"}, [2013b](#hbm23229-bib-0067){ref-type="ref"}\], suggesting that the brain\'s macroscale anatomical wiring forms the infrastructure for region‐to‐region functional interactions to emerge. Studies using advanced methods combining resting‐state BOLD fMRI with more direct metrics of neural activity have further shown evidence of the resting‐state signal to involve---or at least a significant part of the signal to include---a neural origin, hypothesizing that resting‐state global patterns emerge from intrinsic firing patterns of neural populations \[e.g., Horwitz, [2004](#hbm23229-bib-0037){ref-type="ref"}; Logothetis and Wandell, [2004](#hbm23229-bib-0046){ref-type="ref"}; Niessing et al., [2005](#hbm23229-bib-0052){ref-type="ref"}; Shmuel and Leopold, [2008](#hbm23229-bib-0059){ref-type="ref"}\]. However, still, there are several open questions about the origin of the observed intrinsic oscillating patterns and accompanying large‐scale synchronization ordering of brain regions. In particular the question of why certain regions show more and stronger activity patterns during rest than others remains poorly understood. With our current study we aim to provide additional insight into this matter, suggesting that the chemoarchitecture of cortical areas may form a potential modulating factor of spontaneous large‐scale region‐to‐region functional connectivity patterns.

Collating quantitative data on cortical receptor density levels of excitatory and inhibitory receptors of cortical regions in the macaque and human cortex from pioneering receptor mapping studies of Amunts and Zilles and coworkers \[Amunts et al., [2010](#hbm23229-bib-0002){ref-type="ref"}; Kötter et al., [2001](#hbm23229-bib-0042){ref-type="ref"}; Zilles et al., [2015](#hbm23229-bib-0080){ref-type="ref"}\], and combining this data with whole brain fMRI functional connectivity measurements of the macaque and human cortex we show evidence of an association between the chemoarchitecture of cortical regions---and in particular a region\'s balance in excitatory and inhibitory receptors---and their level of resting‐state fMRI global functional connectivity.

METHODS {#hbm23229-sec-0002}
=======

Human Dataset {#hbm23229-sec-0003}
-------------

### Receptor density levels---human dataset I {#hbm23229-sec-0004}

Quantitative data on neurotransmitter receptor densities of eight cortical areas of human cortex, describing lateral frontal areas Brodmann Areas 4, 6, 6r1, 44, 45, 47, op8, and op9 (see Fig. [1](#hbm23229-fig-0001){ref-type="fig"}, left panel and Supporting Information) were collated from the study of Amunts and coworkers using *in vitro* autoradiography of binding ligands in six postmortem brains (averaging left and right hemispheres) \[Amunts et al., [2010](#hbm23229-bib-0002){ref-type="ref"}\]. Cortical receptor densities of four receptors were included, collected as maximum intensity values for the radio labeled receptor‐ligands in fmol/mg protein. Receptor levels of excitatory ionotropic glutamergic AMPA and metabotropic muscarinic acetylcholine type 1 (M~1~) receptors and inhibitory ionotropic GABA~A~ and metabotropic muscarinic acetylcholine type 2 (M~2~) receptors were collected. Examination was taken to include receptors that were consistently available across all 3 datasets (see below for human dataset II and the macaque dataset), with other receptor levels provided in the study of Amunts and colleagues (i.e., Kainate and serotonin 5‐HT~2A~) thus not taken into account in this study. In this context, we explicitly note that we excluded Kainate as it has been shown to have both an excitatory as well as (working through indirect pathways) an inhibitory effect on neuron activity \[Contractor et al., [2011](#hbm23229-bib-0019){ref-type="ref"}\] and to be---as a notable difference to the other receptors---mostly present in infragranular layers \[Zilles et al., [2015](#hbm23229-bib-0080){ref-type="ref"}\].

![Regional mappings of receptor levels of regions of human cortex as derived from pioneering studies of Amunts et al. \[Amunts et al., [2010](#hbm23229-bib-0002){ref-type="ref"}\] (human dataset I, 7 cortical areas, left panels) and Zilles et al. \[Zilles et al., [2015](#hbm23229-bib-0080){ref-type="ref"}\] (human dataset II, 18 cortical areas, middle panels) on autoradiography recordings of postmortem cortical tissue. Figures depict measured receptor levels as mapped on the DK‐57 cortical atlas (left hemisphere) depicting levels of excitatory working receptors AMPA and M~1~ and inhibitory working receptors GABA~A~ and M~2~. Right upper panel shows regional mappings of receptor levels of excitatory AMPA and M~1~ and inhibitory GABA~A~ and M~2~ of 11 regions of macaque cortex mapped to the WBB47 cortical atlas (see text and Supporting Information Fig. 1), as collated from the study of Kotter et al. \[Kötter et al., [2001](#hbm23229-bib-0042){ref-type="ref"}\]. Lower panels depict cortical variation in the ExIn ratio between excitatory (AMPA + M~1~) and inhibitory neurotransmitters (GABA~A~ and M~2~) for human (left and middle) and macaque cortex (right).](HBM-37-3103-g001){#hbm23229-fig-0001}

Using the detailed description of region location as provided in the paper of Amunts and coworkers, the eight reported areas were manually mapped (LHS, ET, MPvdH) to the 57 cortical region Desikan‐Killiany (DK) atlas (114 regions across the two hemispheres) \[Cammoun et al., [2011](#hbm23229-bib-0010){ref-type="ref"}; Scholtens et al., [2015](#hbm23229-bib-0057){ref-type="ref"}\] to allow anatomical overlap with cortico‐cortical resting‐state functional connectivity data (see below; see Supporting Information Table 1 for the region‐to‐region mapping). The eight cortical areas mapped to seven cortical parcels of the DK‐57 atlas (two regions reported by Amunts and coworkers overlapped with 1 region in the DK‐57 atlas, and 1 region reported by Amunts and coworkers mapped to multiple subparcels of the DK atlas \[see Supporting Information Table 1\]). The DK‐57 subdivision atlas was chosen as it includes a higher parcellation resolution than the 34 region cortical Desikan‐Killiany atlas \[Desikan et al., [2006](#hbm23229-bib-0024){ref-type="ref"}\] while still maintaining large enough regions to be able to have a robust region‐wise measurement of the resting‐state fMRI signal (see below). To express the overall excitatory versus inhibitory chemoarchitecture of a cortical region, for each region the *regional excitatory‐inhibitory receptor ratio ExIn* was determined computed as the ratio between the total sum of excitatory receptor levels (i.e., AMPA + M~1~) and the total sum of inhibitory receptor levels (i.e., GABA~A~ + M~2~) per region, as previously introduced by Kapogiannis and coworkers \[Kapogiannis et al., [2013](#hbm23229-bib-0040){ref-type="ref"}\].

### Receptor density levels---human dataset II {#hbm23229-sec-0005}

A second dataset on receptor density levels of cortical regions was collated from another seminal study of Zilles and coworkers \[Zilles et al., [2015](#hbm23229-bib-0080){ref-type="ref"}\]. This larger study described receptor mapping of 26 cortical regions using state‐of‐the‐art high density autoradiography techniques, providing one of the most detailed and most complete receptor density mappings of human cortex present in literature. From the reported receptor fingerprint diagrams of 26 areas of cortex presented by Zilles and colleagues, levels of excitatory AMPA and M~1~ and inhibitory receptor levels GABA~A~, and M~2~ (receptors overlapping with the other human and macaque dataset \[see below\]) were collected in levels of 50 units of absolute receptor densities (in fmol/mg protein), ranging from 100 to 2,500, with 50 being the finest level of scale that could be distinguished from the Zilles et al. study. (Besides the mentioned four receptors, the rich dataset of Zilles and colleagues also includes data on other receptor types \[i.e., Kainate, NMDA, GABA~b~, BZ, M~3~, alpha1, alpha2, 5‐HT~1a~, 5‐HT~2~, D~1~\], but for consistency across the three datasets the set of four receptor types was taken to be overlapping with the human I and macaque dataset, see above). The 26 areas were mapped to regions of the DK‐57 atlas (using the detailed descriptions and visualizations of the examined cortical regions as presented by Zilles and coworkers, with this mapping described in Supporting Information Table 2) obtaining receptor data of in total 18 of the 57 unihemisphere cortical regions of the DK‐57 atlas. Similar as for the human dataset I, the *ExIn* ratio of a cortical region was computed as the ratio between excitatory receptor levels (i.e., AMPA + M~1~) and inhibitory receptor levels (i.e., GABA~A~ + M~2~). Figure [1](#hbm23229-fig-0001){ref-type="fig"} illustrates the receptor density levels as reported by the pioneering work of Zilles and coworkers mapped to the 18 areas of the DK‐57 atlas (left hemisphere).

### Resting‐state fMRI functional connectivity {#hbm23229-sec-0006}

Resting‐state functional connectivity between pairs of regions of the DK‐57 cortical atlas was assessed by means of analysis of the high‐quality resting‐state fMRI data of the Human Connectome Project \[Van Essen et al., [2013](#hbm23229-bib-0075){ref-type="ref"}\] (Q3 release, voxel‐size 2mm isotropic, TR/TE 720/33.1 ms, 1,200 volumes, 14:33 min of data block 1, 215 subjects). Data analysis included realignment of the fMRI time‐series, coregistration of the fMRI time‐series to the T1 image (using the mean fMRI over all 1,200 volumes), band‐pass filtering of the time‐series (0.01--0.1 Hz), nuisance correction by regressing out the mean overall signal (mean over all cortical areas), correction for ventricle and white matter signals by means of linear regression, and motion‐scrubbing for potential movement artifacts \[Power et al., [2012](#hbm23229-bib-0054){ref-type="ref"}\] (performed as described in detail in van den Heuvel et al. \[[2013a](#hbm23229-bib-0069){ref-type="ref"}\]). Next, using the individual T1 image (Q3, voxel size: 0.7 mm isotropic), tissue classification of cortical gray matter, white matter, and CSF was performed using FreeSurfer \[Fischl and Dale, [2000](#hbm23229-bib-0029){ref-type="ref"}\] and the cortical mantle was parcellated in 114 cortical regions using the described DK‐57 atlas. Next, for each of the individually segmented cortical regions an average time‐series was computed by overlaying the DK‐57 atlas with the fMRI time‐series and by taking the average over the time‐series of the selected voxels within a cortical region. For each individual dataset, a region‐to‐region functional connectivity matrix was computed by means of correlation analysis between the unique 114 × (114‐1)/2 region pairs \[Lynall et al., [2010](#hbm23229-bib-0048){ref-type="ref"}; van den Heuvel et al., [2013a](#hbm23229-bib-0069){ref-type="ref"}\]. Next, a group‐averaged weighted functional connectivity matrix (FC) was formed by averaging the individual matrices. The level of functional connectivity of a region was computed as the total sum of all non‐negative FC connections of a region (FC \> 0.1, other thresholds revealed similar findings). Within graph theoretical examinations this metric is often referred to as "functional degree" \[Lynall et al., [2010](#hbm23229-bib-0048){ref-type="ref"}; Rubinov and Sporns, [2010](#hbm23229-bib-0055){ref-type="ref"}; van den Heuvel and Hulshoff Pol, [2010a](#hbm23229-bib-0064){ref-type="ref"}; van den Heuvel et al., [2009](#hbm23229-bib-0068){ref-type="ref"}\]. Focus was placed on positive connections, as our study was focused on the examination of excitatory long‐range inter‐areal connections (and thus expecting a positive correlation in time‐series) and with the origin of negative correlations derived from functional resting‐state fMRI recordings remaining a topic of investigation in the field. Overlapping the analysis of the macaque (see below), regional levels of functional connectivity were taken as the intra‐hemispheric degree of each of the 57 regions (that is FC over all intrahemispheric connections of cortical areas). Including also interhemispheric connections (i.e., taking regional functional connectivity of a region as the sum of all 114‐1 left and right hemispheric regions revealed similar findings (as additionally reported in the results section).

Macaque Dataset {#hbm23229-sec-0007}
---------------

### Receptor density levels {#hbm23229-sec-0008}

Data on neurotransmitter receptor density levels of cortical areas of the macaque cortex were collected from the study of Kötter and colleagues \[Kötter et al., [2001](#hbm23229-bib-0042){ref-type="ref"}\], reporting on quantitative data of six receptors obtained by means of *in vitro* autoradiography in two macaque monkeys (*Macaca fascicularis* and *Macaca nemestrina* specimens), with receptor density levels provided as maximum intensity value for radio labeled receptor‐ligands in fmol/mg protein. Regions described parts of the visual, motor, and somatosensory cortex. Data included---similar as in the human datasets---receptor density levels of excitatory AMPA and M~1~ receptors and inhibitory GABA~A~ and M~2~ receptors. \[The rich dataset of Kötter and colleagues also included information on Kainate, and serotonin 5‐HT~2A~, but our study was focused on the examination of AMPA, M~1~, M~2~, and GABA~A~\]. The examined cortical regions as reported by Kötter and colleagues \[Kötter et al., [2001](#hbm23229-bib-0042){ref-type="ref"}\] were manually mapped to the Walker‐vonBonin and Bailey WBB47 atlas of macaque cortex \[Stephan et al., [2000](#hbm23229-bib-0062){ref-type="ref"}; von Bonin and Bailey, [1947](#hbm23229-bib-0077){ref-type="ref"}; Walker, [1940](#hbm23229-bib-0078){ref-type="ref"}\] (used for the functional connectivity mapping, see below and Supporting Information Fig. 1), resulting in a description of receptor density levels of in total 11 cortical regions of the 39 cortical areas of the WBB47 atlas of macaque cortex (Fig. [1](#hbm23229-fig-0001){ref-type="fig"}, right panel). (This mapping was part of a recent study of our group on the link between anatomical macroscale connectome organization and microscale neuronal complexity \[Scholtens et al., [2014](#hbm23229-bib-0058){ref-type="ref"}\] and is described in Supporting Information Table 3). Similar as in the human datasets, regional *ExIn* ratio of the 11 WBB47 cortical areas was computed as the ratio between excitatory receptor levels (i.e., AMPA + M~1~) and inhibitory receptor levels (i.e., GABA~A~ + M~2~).

### Resting‐state fMRI functional connectivity {#hbm23229-sec-0009}

Overlapping the procedure as performed for the human dataset, functional connectivity between cortical areas of the macaque brain was derived from resting‐state fMRI recordings. High‐quality macaque resting‐state fMRI data was acquired in four macaques with a 3T MR Siemens Trio scanner. The monkeys were trained in a mock scanner to continuously fixate on a red dot centered on a blank screen. When they reached 95% fixation performance, each monkey completed 10‐min resting state scans on 5 or 6 different occasions over a period of 6 months, all unsedated \[Vanduffel et al., [2001](#hbm23229-bib-0076){ref-type="ref"}\]. The functional images were collected using a gradient‐echo T2‐weighted echo‐planar sequence (40 slices, 84 × 84 in‐plane matrix, repetition time (TR) = 2,000 ms, echo time (TE) = 19 ms, flip angle = 75°, voxel size = 1.25 mm × 1.25 mm × 1.25 mm, 300 volumes per run). Each of these four macaques were scanned during (on average) six sessions on different days (three macaques had six sessions, one macaque had five sessions), with each of the sessions containing (on average) 14 resting‐state fMRI runs (minimum: 7, maximum: 24 sessions per run), bringing the total to 324 sessions of macaque imaging. In addition to the fMRI, T1‐weighted anatomical scans (magnetization‐prepared rapid gradient echo (MP‐RAGE) sequence, TR = 2,200 ms, TE = 4.06 ms, voxel size = 0.5 mm × 0.5 mm × 0.5 mm) were collected during different scanning sessions in which the animals were sedated with ketamine/xylazine (ketamine 10mg/kg I.M. + Xylazine 0.5 mg/kg I.M., maintenance dose of 0.01 to 0.05 mg ketamine per minute I.V.). The macaque fMRI dataset and acquisition conditions are described in detail in \[Mantini et al., [2011](#hbm23229-bib-0049){ref-type="ref"}, [2013](#hbm23229-bib-0050){ref-type="ref"}; Vanduffel et al., [2001](#hbm23229-bib-0076){ref-type="ref"}\]. Analysis of each of the resting‐state‐fMRI time‐series (i.e., each run separately) included a similar procedure as in the human dataset. Data processing included registration of the time‐series for motion correction, co‐registration of each of the runs with the anatomical T1 images, normalization of the time‐series to a standard macaque average brain (using the transformation of the nonlinear normalization of the T1 to the standard macaque average brain). Data processing further included band‐pass filtering of the time‐series (0.01--0.01 Hz), nuisance correction of the mean overall signal (mean over all cortical areas) and ventricle and white matter signal by means of regression analysis, and motion‐scrubbing for potential movement artifacts \[Power et al., [2012](#hbm23229-bib-0054){ref-type="ref"}\]. The spatially normalized resting‐state fMRI volumes were overlaid with the WBB47 parcellation atlas \[van den Heuvel et al., [2015a](#hbm23229-bib-0071){ref-type="ref"}\]. For each of the 39 WBB47 cortical areas an average time‐series was computed by taking the mean of the time‐series of all voxels within each region, and the level of functional connectivity between all 39 × (39‐1)/2 unique region pairs was computed as the Pearson correlation coefficient between these regional time‐series, resulting in a 39 × 39 connectivity matrix for each macaque scan run. A group‐averaged weighted macaque functional connectivity matrix (macaque FC) was computed by averaging the connectivity matrices across runs per session, then across sessions, and finally across the four specimens, resulting in a group averaged macaque FC matrix. Next, similar as in the human dataset, level of functional connectivity of each of the 39 regions was computed as the sum of all non‐negative FC connections of FC \> 0.1 (other thresholds revealed similar findings) of a region. As the reported receptor density levels included values of one single hemisphere (with visual taken from the right, and motor regions taken from the left hemisphere) \[Kötter et al., [2001](#hbm23229-bib-0042){ref-type="ref"}\] and with the WBB47 atlas not distinguishing between left and right hemisphere, regional levels of functional connectivity were taken from the left hemisphere.

Linking Receptor Density Levels to Macroscale resting‐State Functional Connectivity {#hbm23229-sec-0010}
-----------------------------------------------------------------------------------

The focus of our study was the examination of the overall chemoarchitecture of cortical areas by means of the *ExIn* ratio in relationship to resting‐state functional connectivity, as introduced by \[Kapogiannis et al., [2013](#hbm23229-bib-0040){ref-type="ref"}\]. For the human and macaque datasets, associations between a region\'s level of excitatory‐inhibitory chemoarchitecture and total level of functional connectivity were examined by regression analysis (Pearson\'s correlation), cross‐correlating regional *ExIn* ratios and resting‐state fMRI derived functional connectivity levels. Effects reaching a *P*‐value of an alpha of 0.05/3 = 0.016 (Bonferroni correction for the testing of three datasets) were taken as significant. Jarque‐Bera test was performed to verify that *ExIn* values and functional connectivity values were normally distributed (which was the case for all ExIn and FC values, *P* \> 0.05). Spearman\'s rho correlation was also performed for validation in post hoc analyses. In addition to the *ExIn* ratio, in post hoc analyses we also examined the relationship between individual receptor levels and regional FC.

RESULTS {#hbm23229-sec-0011}
=======

Human Dataset I {#hbm23229-sec-0012}
---------------

*ExIn* ratios of frontal areas of human cortex as measured across seven frontal regions significantly correlated to regional levels of functional connectivity (*r* = 0.91, *P* = 0.0045, Fig. [2](#hbm23229-fig-0002){ref-type="fig"}), with cortical areas with a relatively higher excitatory and lower inhibitory character (i.e., a relatively high *ExIn* ratio) showing higher overall functional connectivity. Including interhemispheric connections in the computation of regional FC (see methods) revealed a similar positive correlation between cortical *ExIn* and regional functional connectivity (*r* = 0.94, *P* = 0.0004). Including region volume as a covariate in a post hoc regression analysis revealed the same association between *ExIn* ratio and regional FC (*P* = 0.0165). In addition, also the analyses of Spearman\'s rho correlation (rho = 0.95, *P* = 0.0112) and a leave‐one‐out regression validation (in which each datapoint was left out one at the time and correlations were recomputed) revealed similar findings (min *r* = 0.91, *P* = 0.0045). A post hoc analysis in which individual receptor levels (i.e., AMPA, M~1~, M~2~, GABA~A~) were correlated with FC revealed no significant relationships (Bonferroni corrected).

![Interactions between the excitatory ‐ inhibitory (ExIn) ratio of cortical regions and total strength of regional resting‐state fMRI functional connectivity. Left and middle panels shows the correlations between *ExIn* ratio (*x*‐axis) and regional functional connectivity (*y*‐axis) for the human datasets (human dataset I and dataset II, respectively). Right panel shows the correlation between *ExIn* ratio (*x*‐axis) and cortical resting‐state functional connectivity (*y*‐axis) for the macaque dataset (see Supporting Information Fig. 2 for region labels). All three datasets show a significant, positive association between the relative excitatory character of cortical areas and the level of cortico‐cortical resting‐state functional connectivity as derived from resting‐state fMRI. \[Color figure can be viewed in the online issue, which is available at <http://wileyonlinelibrary.com>.\]](HBM-37-3103-g002){#hbm23229-fig-0002}

Human Dataset II {#hbm23229-sec-0013}
----------------

Receptor *ExIn* ratios of data of 18 regions of human cortex revealed a positive correlation with regional resting‐state functional connectivity levels (*r* = 0.72, *P* = 0.0008, Fig. [2](#hbm23229-fig-0002){ref-type="fig"}). Including interhemispheric FC connections revealed similar findings (*r* = 0.57, *P* = 0.0134). Post hoc testing of Spearman\'s rho correlation (rho = 0.50, *P* = 0.0348), a leave‐one‐out regression validation (min *r* = 0.55, *P* = 0.0224) and a regression analysis with region volume as a covariate (*P* = 0.0009) all revealed similar findings. Post hoc analyses revealed no significant effects between individual receptor levels and FC (Bonferroni corrected).

Macaque Dataset {#hbm23229-sec-0014}
---------------

Consistent with the two human datasets, regional levels of resting‐state functional connectivity of macaque cortical regions as measured across 11 cortical areas were found to be positively associated to regional variation in *ExIn* ratio (*r* = 0.85, *P* = 0.00077, Fig. [2](#hbm23229-fig-0002){ref-type="fig"}). Including interhemispheric FC connections revealed similar findings (*r* = 0.86, *P* = 0.00074). Post hoc testing of Spearman\'s rho correlation (rho = 0.82, *P* = 0.0018), a leave‐one‐out regression validation (min *r* = 0.78, *P* = 0.0075) and a regression analysis in which region volume was included as a covariate (*P* = 0.0147) all revealed consistent findings. Post hoc analysis revealed no significant effects between individual receptor levels and FC (Bonferroni corrected).

DISCUSSION {#hbm23229-sec-0015}
==========

This study suggests a potential interplay between chemoarchitectonic features of cortical areas and macroscale resting‐state fMRI functional connectivity. Combining collated data on receptor density levels of exhibitory and inhibitory neurotransmitters of areas of human and macaque cortex with resting‐state functional MRI recordings, we show cortical areas with a relatively high excitatory and low inhibitory character to show a more elaborate resting‐state functional connectivity profile to other areas of the cortex.

What might be a potential underlying mechanism of a higher excitatory chemoarchitecture to relate to a higher level of resting‐state fMRI functional connectivity? A recent study of our group examined the cortical distribution of receptor levels in macaque cortex in context of strychnine effective connectivity, a unique type of functional connectivity resulting from a temporary excitatory reaction due to strychnine administration on the cortex \[Turk et al., [2016](#hbm23229-bib-0063){ref-type="ref"}\]. Strychnine works by blocking local GABA receptors, temporarily increasing the excitatory character of a cortical area. As a result of blocking GABA, the neural activity in the source region is increased, including the activity of the long‐range projecting pyramidal neurons that connect the source region to other sites of the cortex \[De Barenne, [1924](#hbm23229-bib-0021){ref-type="ref"}; De Barenne and McCulloch, [1938](#hbm23229-bib-0022){ref-type="ref"}; Stephan et al., [2000](#hbm23229-bib-0062){ref-type="ref"}\]. Consistent with the fMRI observations made here, we observed higher levels of effective strychnine connectivity to be related to the chemical balance of cortical areas, with overall more excitatory regions showing a stronger global strychnine connectivity profile. A possible mechanism behind the observed association between excitatory‐inhibitory balance of cortical areas and their fMRI connectivity profile might thus include regions with a more overall excitatory character to be more prone to have a default level of excitatory effect on other areas of the cortex. These thoughts are in line with several studies reporting on intersubject differences in neurotransmitter levels to impact functional connectivity and functional resting‐state network formation. For example, combining resting‐state fMRI recordings with magnetic resonance spectroscopy (MRS) measurements studies have reported higher Glx/Cr levels (a MRS metric of combined glutamate and glutamine concentrations normalized by individual differences in creatine) of anterior cingulate cortex to be related to higher levels of resting‐state fMRI activity \[Enzi et al., [2012](#hbm23229-bib-0027){ref-type="ref"}\] and modulation of regional functional connectivity \[Duncan et al., [2011](#hbm23229-bib-0025){ref-type="ref"}, [2013](#hbm23229-bib-0026){ref-type="ref"}\]. MRS studies have further reported individual differences in higher concentrations of GABA to be inversely correlated to functional connectivity between the putamen and the default mode network during resting‐state \[Arrubla et al., [2014](#hbm23229-bib-0003){ref-type="ref"}\]. This, as well as higher GABA levels within the primary motor cortex M1 to be related to lower functional connectivity across the resting motor network \[Stagg et al., [2014](#hbm23229-bib-0060){ref-type="ref"}\], an observation again in line with current resting‐state fMRI findings. fMRI‐MRS studies have shown findings of in particular the excitatory‐inhibitory balance between glutamate and GABA levels---rather than one of the two separately---of precuneus cortex to be associated with individual variation in default mode network connectivity \[Kapogiannis et al., [2013](#hbm23229-bib-0040){ref-type="ref"}\]. In addition, studies reporting on a modulation of the glutamatergic system by means of pharmacotherapeutic intervention have reported effects on resting‐state functional connectivity, with ketamine (an NMDA receptor antagonist blocking the function of excitatory receptors, having a net inhibitory effect on neural activity) administration resulting in decreased functional connectivity of the default mode network to regions of the dorsal medial prefrontal cortex and the pregenual anterior cingulate cortex \[Scheidegger et al., [2012](#hbm23229-bib-0056){ref-type="ref"}\]. Following up on their shown inverse relationship between individual differences in MRS estimates of GABA levels in M1 and motor network functional connectivity, Stagg and colleagues reported on anodal transcranial direct current stimulation (tDCS, by the authors reported to reduce local GABA levels) of primary motor cortex M1 to be related to increased resting‐state functional connectivity within the motor system \[Stagg et al., [2014](#hbm23229-bib-0060){ref-type="ref"}\]. Extending these findings our findings now further suggest that cortical variation in excitatory‐inhibitory character across areas may relate to region‐to‐region differences in global resting‐state functional connectivity. Taken together, these findings combined support the notion of the chemoarchitecture of the cerebral cortex to play a potential role in modulating intrinsic global functional connectivity patterns of mammalian cortex.

Neurophysiological investigations into the basis of the fMRI signal have noted hemodynamic signals to be coupled to synaptic processing and neural spiking patterns \[Conner et al., [2011](#hbm23229-bib-0018){ref-type="ref"}; Logothetis, [2002](#hbm23229-bib-0045){ref-type="ref"}; Logothetis and Wandell, [2004](#hbm23229-bib-0046){ref-type="ref"}; Niessing et al., [2005](#hbm23229-bib-0052){ref-type="ref"}\], and have in particular concluded the fMRI signal to be related to the input of cortical areas \[Logothetis et al., [2001](#hbm23229-bib-0047){ref-type="ref"}\]. While a correlation approach for the derivation of functional connectivity (as used in the current study) cannot make distinctions on the directionality of the functional interactions (i.e., whether region A is projecting to B, or B to A, or both), it is nevertheless interesting and encouraging to note that the receptor architecture of cortical areas---forming the modulation mechanisms of the input to neurons---are related to the resting‐state fMRI signal. Future approaches using advanced techniques that go beyond simplistic correlation approaches and can provide information on the direction of functional interactions by employing techniques such as Granger Causality or Dynamic Causal Modeling \[Miao et al., [2011](#hbm23229-bib-0051){ref-type="ref"}; Stephan and Friston, [2010](#hbm23229-bib-0061){ref-type="ref"}\] might thus further delineate a possible link between cortical chemoarchitecture and the emergence of whole‐brain spontaneous functional connectivity patterns.

Our findings are also interesting to interpret in context of recent studies suggesting an interplay between regional variation in microscale cytoarchitectural features of cortical areas and macroscale global anatomical connectivity. Beul and colleagues reported on the cortical type of cat cortex---classifying cortical areas into five classes based on supragranular laminar structure \[Barbas and Rempel‐Clower, [1997](#hbm23229-bib-0005){ref-type="ref"}; Hilgetag and Grant, [2010](#hbm23229-bib-0035){ref-type="ref"}\]---to interact with macroscale anatomical connectivity \[Beul et al., 2014\]. Furthermore, in a study on macaque \[Scholtens et al., [2014](#hbm23229-bib-0058){ref-type="ref"}\] and human cortex \[van den Heuvel et al., [2015b](#hbm23229-bib-0072){ref-type="ref"}, [2015c](#hbm23229-bib-0073){ref-type="ref"}\] we revealed a positive association between regional variation in microscale cytoarchitectonic complexity of layer three pyramidal neurons and the number of efferent and afferent pathways of cortical areas. Interestingly, earlier multimodal studies reported on potential overlap in chemical and anatomical connectivity organization of motor and visual cortical areas, but did not report on direct associations between chemoarchitecture and the extent of anatomical connectivity of cortical regions across the global brain\'s network \[Kötter et al., [2001](#hbm23229-bib-0042){ref-type="ref"}\]. Combined with our current findings, this tends to speculatively suggest that perhaps not so much the *anatomical* connectivity of cortical areas, but more their *functional* connectivity is related to the intrinsic chemoarchitecture of cortical areas. Indeed, in a post hoc analysis we found no direct association between the number of anatomical connections of a cortical area and the *ExIn* ratio as measured in the macaque (in‐degree: *P* = 0.23; out‐degree: *P* = 0.26, connectivity data taken from the Bonin and Bailey anatomical macaque connectome) \[Scholtens et al., [2014](#hbm23229-bib-0058){ref-type="ref"}\]. This is further strengthened by a post hoc partial correlation analysis in which *ExIn* ratio was included as the dependent variable and both functional degree (i.e., number of functional interactions) and structural degree (i.e., number of efferent and afferent structural pathways of a cortical area) were included as independent variables, which revealed a significant effect of functional degree on *ExIn* (*P* = 0.0012, partial correlation coefficient =0.8924), but not of structural degree (in‐degree: *P* = 0.222, out‐degree: *P* = 0.173). Similar findings were observed for the two human datasets, with anatomical degree derived from analysis of diffusion weighted imaging data from the Human Connectome Project \[Van Essen et al., [2013](#hbm23229-bib-0075){ref-type="ref"}\] \[see de Reus and van den Heuvel, [2014](#hbm23229-bib-0023){ref-type="ref"}\] and \[van den Heuvel et al., [2015b](#hbm23229-bib-0072){ref-type="ref"}\]. Here too, post hoc examinations using partial correlation revealed significant associations between the *ExIn* ratio and functional degree (human dataset I: *P* = 0.005, partial correlation coefficient = 0.9624; human dataset II: *P* = 0.0163, partial correlation coefficient= 0.5727), with no significant contribution from cortical structural degree (human dataset I: *P* = 0.9037; human dataset II: *P* = 0.3393).

Several remarks have to be made concerning the interpretation of the shown effects. We have to explicitly note that the spatial coverage of examined regions of human and macaque cortex is relatively limited. Data from autoradiography recordings included highly detailed mapping of receptor levels of cortical areas, including quantitative data on multiple receptors, but the number of cortical regions of which quantitative data could be extracted was still relatively low. Our study thus included "only" data of 7 and respectively 18 cortical areas of the human brain and of 11 regions of macaque cortex. Despite this coarse subsampling of the cortex, all three datasets revealed a positive correlation between the chemoarchitecture of cortical regions and resting‐state BOLD fMRI derived functional connectivity, an association, as we argued above, consistent with earlier reports linking MRS findings to resting‐state network formation. Nevertheless, future studies examining the relationship of resting‐state fMRI connectivity using data of even more complete autoradiography mappings of human cortex are of high interest. In this context, it should also be noted that our study only included the examination of AMPA, M~1~, M~2~, and GABA~A~, as these were consistently reported across humans and macaque, and we aimed for including similar receptors across the three 3 datasets. Future studies examining more and more detailed data including more types of receptor densities (e.g., 5HT~2~, Kainate, NMDA) and high‐resolution layer‐specific fMRI are of interest.

Our study puts forward a simple, but potentially important association between cortical chemoarchitecture and cortico‐cortical resting‐state functional connectivity. Providing insight into the biological underpinnings of the emergence of interareal functional connectivity, our cross‐modal findings are suggestive of cortical areas with a relatively high excitatory chemoarchitecture to show higher intrinsic resting‐state functional connectivity. Understanding the chemical underpinnings of the resting‐state fMRI signal may provide new leads to the examination of how drug intervention may effect functional (dys)connectivity patterns in the diseased brain.
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